Increasing water-issues demand that water resources managers know and predict the uncertain characteristics of river runoff well. In this paper, the fluctuating periods and local features of runoff 
INTRODUCTION
Influenced by the meteorological system, underlying surface and human activities, the river runoff series presents uncer- with multi-time scales (Feng et al. a, b; Zhang et al. a, b) .
Usually, a river runoff series is a non-stationary time series.
However, it was often assumed to be stationary, and thus 'spurious regression' was produced. For overcoming this drawback, cointegration theory and the error correction model (ECM) appeared (Engle & Granger ) . Firstly, cointegration theory described the long-term equilibrium relationships between variables in an economic system (Han et al. ; Seung-Hoon ), and then it was applied in the hydrological field to study the non-stationarity of hydrological time series (Chang & Liu ; Zhang et al. , ) . ECM is an important manifestation of cointegration theory and effectively exhibits static expression and dynamic characteristics. Moreover, some scholars (Xu et al. ; He et al. ) introduced wavelet analysis method into cointegration theory and ECM to establish the multi-resolution cointegration prediction model. But these studies have been confined to econometrics while application in the field of hydrology is rare. So the current study includes the following objectives:
(1) to reveal the periodic fluctuations and changing laws of two runoff series of Heihe River in northwest China firstly with multi-time scales; (2) to analyze the uncertain relations between these two runoff series with multi-time scales; (3) to establish the prediction model of river runoff according to the cointegration equilibrium relationships.
MATHEMATICAL METHODS

Outline of the mathematical methods
Three mathematical methods are used in the paper. The framework of the uncertainty analysis of the river runoff includes the following steps: (1) data series are collected and prepared to be analyzed; (2) the EMD method is applied to show the periodic fluctuations and changing laws with multi-time scales; (3) using the SPA method, the uncertain relations (including the identity, the discrepancy and the contrary) of river runoff with multi-time scales are exhibited; (4) with cointegration theory, the long-term equilibrium relationship of river runoff with different time scales is shown. Then, with the ECM, the runoff prediction model is built to simulate and predict the river runoff. Figure 1 shows the outline of the mathematical methods.
EMD method
The decomposition process of the EMD method is first to find the local maxima points and local minima points of the given time series x(t). Then with application of a cubic spline interpolation, the upper envelope and the lower envelope are constructed, and also the mean value of the two envelopes is denoted as m 1 . The new time series h 1 (t) with the lower frequency removed is obtained by (Huang et al. ) :
Usually, h 1 (t) is not stationary, so this shifting process needs to be repeated several times until the mean value of the two envelopes tends to zero, and thus the first data series, called intrinsic mode function (IMF) component c 1 ,
is achieved. The residue r 1 ¼ x(t) À c 1 will be decomposed further until it satisfies the stopping standard deviation SD.
Eventually, the original series x(t) is rewritten as (Huang et al. ):
Figure 1 | The outline of the mathematical methods.
The criterion of SD is defined as (Huang et al. ) :
where T is the length of the time series, and the SD value is between 0.2 ∼ 0.3.
By the EMD method, the given time series x(t) can be decomposed into several IMF components c i and one residue r n . Here, each IMF satisfies the two following conditions:
(1) in the whole data range, the number of local extrema and the number of zero-crossings must be equal, or at most have a difference of 1; (2) at any point, the mean value of the upper envelope formed by all local maxima and the lower envelope formed by all local minima is zero.
SPA method
Set pair H(A, B) refers to a couple that consists of two interrelated sets: A and B. The properties of these two sets include identity degree, discrepancy degree, and contrary degree and are given as follows (Huang et al. ) :
where μ is the connection degree of the set pair, S is the number of identity characteristics, F is the number of discrepancy characteristics, P is the number of contrary characteristics, N denotes the total number of characteristics of the set pair, i and j respectively are the coefficient of the discrepancy degree F=N and the contrary P=N, i is an uncertain value between À1 and 1, i.e. i ∈ À1, 1 ½ , and j is specified as À1.
be rewritten as follows: 
ECM method
Engle & Granger () proposed that if the time series x t and y t are cointegrated, their non-balance relationship in short-term can be described by ECM. For an autoregressive distributed lag model of order 1(ADL(1, 1)), after the differencing and simplification, the ECM can be specified as follows:
where Equation (6) is the ECM,
is the error correction term, which shows the derivation degree from the long-term cointegration relationship of y tÀ1 when it makes short-term fluctuations, and α ¼ β 2 À 1 is the error correction coefficient with negative value, which represents the adjusted speed of the dependent variable when the dependent variable deviates from the long-run equilibrium.
APPLICATION Data series
The Heihe River basin, with a total area of 14.3 × 10 4 km 2 and a typical continental climate, is the second biggest inland river basin in northwest China (shown as Figure 2 ). In this part, irrigation agriculture in Zhangye City has developed very well and its water use accounts for 87% of the total water resources. Meanwhile, it is the important base of grain production in Gansu province. In this 
Uncertainty analysis of runoff series
With the EMD method, the annual runoff series of Yingluoxia and Zhengyixia has been decomposed into four IMF components and one residue (shown as Figures 4-8) .
From IMF1 to the residue, the fluctuation reduces gradually, The residues in the runoff series of Yingluoxia and Zhengyixia have no periodic fluctuation, so four set pairs are formed with four decomposed IMF components. For simplicity, the mean SD method is adopted to classify these IMF components into three states: the rich, the normal, and the poor. The corresponding classified ranges are respectively described as (À∞, EXÀ0.5d), [EXÀ0.5d, EX þ 0.5d], and (EX þ 0.5d, þ∞), where EX is the mean value and d is the standard deviation. The value of i is specified as 0.5, so according to Equation (5), the identity degree a, the discrepancy degree b, the contrary degree c, and the connection degree μ are calculated as shown in Table 1 .
It is assumed that a change period of 3 years is a short period, 5 to 9 years is a middle period, 9 years or 12 years is a mid-long period, and 14 years or 17 years is a long period. From Table 1 , it can be seen that with increasing fluctuation period, the identity degree of the two runoff series in four IMF components is the largest. Especially in the IMF1 component, the identity degree has the largest value of 0.84, which is consistent with the connection degree. It means the runoff series in Yingluoxia and Zhengyixia have similar characteristics in the short period and that there is also a better correlation between them. Δy 0 ¼ À0:024036 þ 0:860211Δx 0 À 0:264755
Δy 1 ¼ À0:001637 þ 0:830495Δx 1 À 0:794679
Δy 2 ¼ 0:003494 þ 0:803950Δx 2 À 0:459680
Δy 3 The uncertainty in the two runoff series shows that the identity degree is the main relation of these two runoff Actually, there are some limitations. First, just for simplicity, the coefficients (such as i, j, etc.) are specified in the SPA analysis method, and they denote the general state.
The different values of the coefficients might result in different connections. Second, river runoff is influenced by the meteorological system, the underlying surface and human activities, so if more variables with effects are considered in the study, the prediction results will be more accurate.
Finally, the prediction model is based on linear relations of river runoff. This means the study has assumed that linear relations exist between the runoff series in the lower reaches and the upper reaches even though they present nonlinear relations in practice. All of these may be a research effort in the future. Even so, the study establishes the uncertainty relations between river runoffs with multitime scales, and based on that, the runoff prediction method is proposed to achieve rational results. 
